One sentence summary: Four naturally occurring variants of the invasion factor InlB when placed in the same genetic background provided different levels of Listeria monocytogenes accumulation in the liver of intragastrically infected mice.
INTRODUCTION
The Gram-positive pathogenic bacterium Listeria monocytogenes is a causative agent of severe foodborne infection in humans and a wide range of domestic and wild animals (Gray and Killinger 1966; Vázquez-Boland et al. 2001; Oevermann et al. 2010) . Listeria monocytogenes is a ubiquitous bacterium and has been isolated from soil, plant debris and sewage (Weis and Seeliger 1975; Zaytseva, Ermolaeva and Somov 2007; Locatelli et al. 2013; Linke et al. 2014) . Listeria monocytogenes can colonize plants entering through roots or settling on the plant leaves (Pushkareva, Litvin and Troitskaia 1996) . Domestic and wild herbivores were shown to be L. monocytogenes reservoirs (Nightingale et al. 2004; Wacheck et al. 2010; Sasaki et al. 2013; Voronina et al. 2015) . The species L. monocytogenes is highly diverse and has at least four distinct phylogenetic lineages differing in their pathogenic potential, evolutionary history and population structure (den Bakker et al. 2013) .
Listeria monocytogenes caused in susceptible hosts, including vulnerable humans, such symptoms as meningitis, meningoencephalitis, romboencephalitis and abortion in pregnant females (Vázquez-Boland et al. 2001; Oevermann et al. 2010) . Disease development depends on crossing intestinal, brain and placental barriers, that in turn depends on L. monocytogenes ability to invade different types of eukaryotic cells (Vázquez-Boland et al. 2001; Lecuit 2005) . Crossing the intestinal barrier requires two bacterial invasion factors, InlA and InlB. InlA interacts with the eukaryotic receptor E-cadherin and is crucial in interactions with enterocytes of ileal microvilli (Mengaud et al. 1996; Pentecost et al. 2010) . InlB interacts with the tyrosine kinase receptor c-Met/HFGR (Hepatocyte Growth Factor Receptor), the complement receptor gC1q-R and surface glycosaminoglycans (Shen 2000) . When crossing the intestinal barrier, InlB is required for passing M-cells of Peyer's patches and plays an accessory role in entry into enterocytes (Pentecost et al. 2010; Chiba et al. 2011) .
Both InlA and InlB belong to the internalin family of surface and secreted proteins that interact with corresponding receptors via a so-called 'internalin domain' (Schubert et al. 2001) . This domain is formed by central LRR-subdomain (leucine-rich repeat) flanked by N-cap and Ig-like subdomains. The InlB internalin domain is involved in interactions with c-Met. Carboxyl-terminal parts of InlA and InlB are involved in the presentation of invasion factors on the bacterial surface. Moreover, the C-terminal InlB GW domains interact with gC1q-R and eukaryotic glycosaminoglycans.
InlB is the only invasion factor of the internalin family that provides L. monocytogenes infection in mice because InlA is unable to interact with murine E-cadherin (Lecuit et al. 1999; Khelef et al. 2006 ). This inability is considered as a major reason for mice (Mus musculus) to be noticeably resistant to oral infection under experimental conditions while remaining susceptible when infected intravenously or intraperitonealy (Gray and Killinger 1966; Cabanes, Lecuit and Cossart 2008; Hoelzer et al. 2012) . Several groups including our own have reported on the isolation of L. monocytogenes from the liver and the spleen of the wild small rodents of the Murinae subfamily closely related to M. musculus (Gray and Killinger 1966; Zaytseva, Ermolaeva and Somov 2007; Hoelzer et al. 2012) . We suggested that L. monocytogenes infecting wild small rodents in natural ecosystems are better fitted to these hosts than laboratory strains. Taking into account the critical role of InlA and InlB in the development of infection by the oral route, InlA and InlB sequences were determined in L. monocytogenes isolated from wildlife including small rodents, Ungulates, fish and mollusks (Zaytseva, Ermolaeva and Somov 2007; Adgamov et al. 2012; Voronina et al. 2015) . Among 15 distinct variants of the InlB internalin domain, two variants were associated with L. monocytogenes isolated from wild rodents. The InlB internalin domain variants found in rodent isolates corresponded to phylogenetic lineages I and II and were found in distinct clones of a particular lineage distinctions (Adgamov et al. 2012; Voronina et al. 2015) . In contrast, InlA internalin domains from the same strains demonstrated clone dependent. We speculated that the InlB internalin domain variants found in rodent isolates might be important in the oral route of infection of mice. Here, we have tested this hypothesis experimentally by putting the InlB internalin domain variants into the same genetic background to compare their contribution in the experimental intragastric mouse infection.
MATERIALS AND METHODS

Bacterial strains, cell line and growth conditions
Strains whose sequences were used in the analysis of InlB variants are listed in the Table 1S , Supporting Information. In total, sequences of 84 previously described Listeria monocytogenes strains were included in the analysis (Zaytseva, Ermolaeva and Somov 2007; Adgamov et al. 2012; Voronina et al. 2015) . For cloning, four strains were used: VIMHA004, VIMHA015 [Epidemic Clone I (ECI) strain] (Adgamov et al. 2012) , EGDe and VIMHA034 (Table 1S , Supporting Information). The commercially available Escherichia coli strain JM109 (Fermentas, Lithuania) was used in the cloning procedures.
Listeria monocytogenes and E. coli strains were grown in brainheart infusion (BHI, Becton, Dickinson and Company, USA) and Luria-Bertani (LB) media, respectively. Murine epithelial colon carcinoma C26 cell lines were propagated in DMEM medium (Gibco R , Thermo Fisher Scientific Inc., USA) in a 5% CO 2 atmosphere.
Construction of recombinant strains
Recombinant strains were developed on the basis of the L. monocytogenes laboratory strain EGDe inlB generously provided by Prof. J.A. Vazquez-Boland. An intermediate plasmid pInlAB was constructed on the basis of the pTRKH2 vector generously provided by Prof. T. R. Klaenhammer (O'Sullivan and Klaenhammer 1993) as follows ( Fig. 1 ). To provide the same level of expression, the fragment of the inlAB operon of the EGDe strain, which included the promoter of the inlAB operon and the inlA fragment encoding the leader peptide of InlA, was created in polymerase chain reaction (PCR) with primers InlA1: 5 -GGTGTTCTCGAGATTATTGTAGC and InlA2 5 -AATAGGGGATCCTTGTGTAATTGTAGC (recognition sites of restriction endonucleases XhoI and BamHI are shown in bold). To assure the same presentation on the bacterial surface, the 3 -fragment of inlB encoding the B-and GW domains was created with primers InlB1: 5 -GAAGCAGGATCCCGGATAACTGCAC and InlB2: 5 -GAAAAGCTGCAGAAAATCCGCCTTC (sites of restriction endonucleases BamHI and PstI are shown in bold). The PCR fragments were cut with the BamHI restriction endonuclease and ligated each other. The fused fragment was amplified in PCR with the InlA1 and InlB2 primers. The PCR product were cloned into the pTgem-easy vector (Promega Co, USA) and subcloned into the vector pTRKH2 by Xho1 and Pst1 sites. inlB gene fragments encoding the internalin domain (including N-terminal cap, LRR and Ig-like-subdomains) were obtained by PCR with the primers InlB3: 5 -CAAGCGGGATCCATCACCGTGCCAACGCC; and InlB4: 5 -TATCCGGGATCCTGCTTCTACTTTTG; and lysates of L. monocytogenes strains VIMHA004 (InlB variant 1), VIMHA015 (InlB variant 9); EGDe (InlB variant 13); VIMHA034 (InlB variant 14) (Table 1S , Supporting Information). The PCR fragments were incorporated into BamH1 site of the pInlAB plasmid using a pTgem-easy vector as an intermediary vector to clone the PCR product. A set of plasmids encoding InlB variants were introduced into EGDe inlB by electroporation as described in (Park and Stewart 1990) . The restoration of InlB expression was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1B) . Secreted and membrane-bound protein samples were prepared from overnight L. monocytogenes cultures grown in BHI broth supplemented with 0.2% charcoal to activate the PrfA regulon as described previously (Ermolaeva et al. 2004) . SDS-PAGE was performed in accordance with the generally accepted techniques. Proteins were visualized with Coomasie Brilliant Blue R-250 (Bio-Rad Laboratories, Inc., USA).
Invasion assay
The 'gentamycin' assay was used to measure invasion as previously described (Kibardin et al. 2006) . Briefly, C26 cells were infected with bacteria at MOI 100:1 (bacteria:cells), incubated for 1 h, then cells were washed thoroughly and 100 μg ml −1 gentamycin was added to the culture medium. In 1 h, cells were lysed with 1% Triton X-100 and decimal serial dilutions plated on BHI agar to count colonies in 24 h.
Infection in mice
Experiments on animals were conducted with the approval of the Animal Care and Use Committee of Gamaleya Institute of Epidemiology and Microbiology. Female BALB/c mice of 16-18 g were used in all experiments. Groups of four to five mice were used. For intragastric infection, mice starved for 12 h were anesthetized by intraperitoneal injection of sodium pentobarbital (40 μg g −1 ) and infected with 1.5 × 10 8 colony forming units (CFU)
per mouse suspended in 200 μl phosphate buffered saline (PBS) by using the needle with the diameter 0.6 mm and the length 25 mm. The tip of the needle was cut and polished to smoothness to avoid stomach injury. Animals were euthanized 72 h post infection. The liver and the spleen were aseptically homogenized in 1 ml sterile PBS. Ten-fold serial dilutions of the suspension were plated out in duplicate for colonies to be counted after 24 h.
Sequence analysis
The sequences of the inlB gene fragment encoding the internalin domain were obtained from previous reports ( 2015). The MLST typing was performed previously (Adgamov et al. 2012; Voronina et al. 2015) according to the scheme by (Ragon et al. 2008) . The maximal likelihood (ML) phylogenetic tree was constructed with Mega6 (Tamura et al. 2013) . The 3D structure of InlB in complex with c-MET receptor was visualized using PyMOL Molecular Graphics System, Version 1.7.4 (Schrödinger, LLC).
Statistics
All experiments were performed using duplicate samples.
The one-tailed t-test was used for assessment of statistical significance.
RESULTS
Comparison of InlB internalin domain variants
Previously, we identified 15 variants of the InlB internalin domain (further designated as InlB variants) among 84 Listeria monocytogenes strains isolated from wildlife and humans (Table 1S , Supporting Information; Zaytseva, Ermolaeva and Somov 2007; Adgamov et al. 2012; Voronina et al. 2015) . Only InlB variants 1 and 14 were found in 13 phylogenetically distant L. monocytogenes isolated from wild small rodents in remote parts of Russia in different years (Table 1; Tables 1S and 2S , Supporting Information; Fig. 2 ). As internalin domains are directly involved in interactions with c-Met receptors, we suggested that the variants 1 and 14 might be more effective in interactions with murine c-Met, and preliminary designated them as 'murine' variants. However, whereas all rodent isolates carried only these two InlB variants, the distribution of these variants were not restricted to rodent isolates. The sources of isolation of strains carrying variants 1 and 14 included other wildlife species and maternal-fetal cases in humans (Table 1; Table 1S , Supporting Information; Fig. 1B ).
To explore specific features of the murine InlB variants, we compared their sequences with other naturally occurring InlB internalin domain sequences. The ML tree ( Fig. 2A) and the substitution analysis (Fig. 2C ) demonstrated that murine variants 1 and 14 were highly divergent. The variants 1 and 14 belonged to different clusters on the ML tree in accordance with their origin from L. monocytogenes of different phylogenetic lineages I and II, respectively (Boerlin, Rocourt and Piffaretti 1991; den Bakker et al. 2013) . Ten substitutions distinguished the variants 1 and 14 (Fig. 2C) . Six of these substitutions were phylogenetic lineage specific and distinguished not only variants 1 and 14 but all lineage I InlB variants from all lineage II variants. Intralineage analysis indicated that besides a subcluster uniting the murine variant and a few variants closely related to it, there was another subcluster within each lineage that united variants with fixed differences from the murine sequence: N73S, I91V, I138L, P164L for the lineage I subclusters, and T117A and V132I for the lineage II subclusters. The subclusters were designated A, B, C, D at the InlB ML tree ( Fig. 2A ). Another ML tree was generated for MLST (multilocus sequence typing)-derived sequence types (Fig. 2B , Table 1S ). Comparison of the InlB and MLST ML trees showed that InlB subclusters united internalin-domain variants found in phylogenetically distant strains.
To address the contribution of naturally occurring internalin domains into InlB-directed L. monocytogenes virulence, we chose four InlB variants prevailed among strains of the collection (Table 1 ). These were variants 1, 9, 13 and 14, for the subclusters A, B, C and D, respectively. All the predominant variants were widely distributed among strains deposited at the GenBank (Table 1 ). The variant 9 was found in strains belonging to the ECI responsible for multiple outbreaks of listeriosis worldwide (Ragon et al. 2008; Adgamov et al. 2012) . The type strain EGDe carries the variant 13 (Glaser et al. 2001) .
To compare functionality of the InlB variants, they were put in the same genetic background. A set of four recombinant strains was created on the basis of the strain EGDe inlB as described in section Materials and Methods (Fig. 1) . The inlB gene fragments encoding variable internalin domains were cloned into the plasmid that carried the inlAB operon promoter and inlB 3 -and 5 -fragments that flanked the inserted sequences to obtain a whole length inlB gene. The plasmids were introduced into the EGDe inlB strain to gain a set of isogenic strains that differed by the sequence of the internalin domain. The same promoter and C-end domain provided similar level of expression and surface presentation for all variants. Thus, all potential differences in properties of the recombinant strains should be due to variability of the InlB internalin domain only.
Invasion in murine colon carcinoma C26 cells
The constructed strains and the parental strain EGDe inlB were used to infect murine colon carcinoma C26 cells. Invasion of the control EGDe inlB strain was very poor (Fig. 3) , which corresponded to the exclusive role of InlB in murine epithelial cell invasion (Lecuit et al. 1999; Khelef et al. 2006) . All InlB variants efficiently restored L. monocytogenes invasiveness in C26 cells; the efficiency of the recombinant strains was at least 2 log 10 greater than in the control EGDe inlB strain. The pairwise comparison showed differences in invasion efficiency among the recombinant strains. The strain expressing InlB with the murine variant 14 had the highest invasion ability. The impact of variations in InlB was relatively low when The ML tree generated with the concatenated internal sequences of the seven genes included in the MLST scheme as developed by Ragon et al. (2008) . Color and letter (A-D) designations correspond to those on the inlB ML tree. Boxes surround the ST types carrying the predominant InlB variant. (C) Amino acid substitutions in the internalin domains. N-cap, LRR and Ig-like domains are separated. ML subclusters are shown with the same colors as in Fig. 2A and B. Amino acids under positive selection as it was shown by Tsai et al. (2006) are labeled with asterisk. compared to the difference with the control strain EGDe inlB, and the divergence between recombinant strains although statistically significant was not as high as if they were compared with the parental strain. The maximal differences in invasion efficiency of variant 14-expressing strain in comparison with the least invasive variant 13-expressing strain was 4.6-fold (P < 0.05).
Infection in mice
Female BALB/c mice were infected intragastrically with 10 8 CFU as described in section Materials and Methods. At 72 h, bacteria of all strains were found in the liver and the spleen ( Fig. 4A and B), the parental strain EGDe inlB having the lowest values. The largest increase due to introduction of InlB was seen with the InlB of the variant 14. The bacterial loads in the liver were 258, 149 and 92 times higher for InlB variants 14, 1 and 13, respectively, than for the parental strain (P << 0.01). In contrast, the last 'non-murine' variant 9 behaved similarly to the parental strain. There was no significant difference in the liver for the variant 9-expressing strain with the parental strain EGDe inlB. Difference between strains was less evident in the spleen. In the recombinant strains, the spleen loads exceeded those of the parental strain by factors of 3.8, 3.2, 2.8 and 1.9 for variants 14, 1, 13 and 9, respectively (P < 0.05).
DISCUSSION
This work was aimed to check the hypothesis whether the InlB internalin domain variants found in Listeria monocytogenes isolated from wild small rodents more effectively support oral route infection in mice. Indeed, obtained results demonstrated that the InlB internalin domain variants differed in their ability to support intragastric infection in mice. Bacteria, which carried the 'murine' that is found in rodent isolates InlB variants, accumulate to higher values in the internal organs 72 h post intragastric infection. However, the range of InlB variants supporting intragastric infection in mice appeared to be wider than it had been suggested as at least one of two control 'non-murine' variants demonstrated activity only slightly lower than the 'murine' variants. The low number of strains isolated from wild rodents might prevent identification of all murine variants despite the fact that strains were isolated at distant territories and in different years. On the other hand, the relatively small difference in virulence under laboratory settings might determine the threshold for infection in the nature. As a whole, obtained data are in line with the hypothesis that certain InlB variants are better suited for infection in mice and might support invasive infection of wild mice in the pristine environment.
Obtained data demonstrated that all variants supported invasion in C26 murine colon carcinoma cells in vitro, and the difference between variants although it existed was substantially lower if it was compared with the difference between strains lacking or not InlB. Whether this relatively low difference was the only factor that affected intragastric infection is not clear yet. Interactions of the InlB internalin domain with c-Met induce multiple signaling processes in epithelial cells, and not all these processes are related to invasion (Jiwani et al. 2012) . InlB was shown to behave as an invasin responsible for bacterial invasion and a growth factor affecting host-cell signaling systems (Bierne and Cossart 2002) . Acting as a growth factor, InlB might affect not only cell invasion-associated cytoskeleton rearrangements but as well other functions that are important for the immune response. The variant 9 showed the lowest efficiency in supporting intragastric infection. The InlB internalin domain variant 9 was cloned from the fully virulent ECI strain. Substitutions identified in the studied InlB variants and particularly those that differed the variant 9 from others might introduce changes in the 3D structure of the internalin domain and therefore could affect its interactions with c-Met. Four substitutions differed the variant 9 from others. These are Ser73Arg, Iso91Val, Leu164Pro, Met251Ser/Thr. Analysis of the published InlB 3D structure (Niemann et al. 2007) shows that at least one of these substitutions, Ile91Val, affected the hydrophobic core and changed the 3D structure and/or stability of the N-part of the LRR subdomain. This happens because isoleucine, which substitutes valin 91, is big enough to interact with phenylalanine at position 53 of the N-cap subdomain (Breitsprecher et al. 2014; Fig. 5 ). This substitution as well as others was shown to be under positive selection that drives evolution of internalins (Tsai et al. 2006 , and see Fig. 2C ). Other substitutions affect residues which face towards the solvent and might affect InlB interactions with eukaryotic factors others than c-Met. Downstream c-Met signaling is dependent on additional membrane factors that interact with active c-Met (Organ and Tsao 2011) , and this regulation might be further modulated by interactions with bound InlB.
Overall, our results demonstrate that some naturally occurring InlB variants stimulate intragastric infection in mice whereas others do not. The highest activity, all things being equal, demonstrated the variants identified in L. monocytogenes isolated from wild small rodents although at least one of two comparative InlB variants demonstrated only slightly smaller activity. Such variability in functional activity of one of key virulence factors controlling initial stages of L. monocytogenes infection might be important for pathogen spreading in natural ecosystems and act as one of the driving forces in short-term evolution.
